A thermophilic and phospholipid-degrading bacterium, designated strain B157 T , was isolated from acidulocompost, a garbage compost processed under acidic conditions at moderately high temperature. The organism was Gram-stain-positive, aerobic, spore-forming and rod-shaped. Growth was observed to occur at 40-65 C and pH 4.8-8.1 (optimum growth: 50-60 C, pH 6.2). The strain was catalase-and oxidase-positive. The cell wall contained meso-diaminopimelic acid, alanine, glutamic acid and galactose. The predominant respiratory quinone was menaquinone-7 (MK-7) and the major fatty acids were anteiso-C 17 : 0 and iso-C 17 : 0 . Comparative 16S rRNA gene sequence analysis showed that strain B157
A thermophilic and phospholipid-degrading bacterium, designated strain B157 T , was isolated from acidulocompost, a garbage compost processed under acidic conditions at moderately high temperature. The organism was Gram-stain-positive, aerobic, spore-forming and rod-shaped. Growth was observed to occur at 40-65 C and pH 4.8-8.1 (optimum growth: 50-60 C, pH 6.2). The strain was catalase-and oxidase-positive. The cell wall contained meso-diaminopimelic acid, alanine, glutamic acid and galactose. The predominant respiratory quinone was menaquinone-7 (MK-7) and the major fatty acids were anteiso-C 17 : 0 and iso-C 17 : 0 . Comparative 16S rRNA gene sequence analysis showed that strain B157
T was related most closely to Tuberibacillus calidus 607 T (94.8 % identity), and the phylogenetic analysis revealed that it belonged to the family Sporolactobacillaceae. The DNA G+C content was determined as 51.8 mol%. In spite of many similarities with the type strains of members of the family Sporolactobacillaceae, genotypic analyses suggest that strain B157 T represents a novel species of a new genus, Caenibacillus caldisaponilyticus gen. nov., sp. nov. The type strain of Caenibacillus caldisaponilyticus is B157 T (=NBRC 111400 T =DSM 101100 T ).
Acidulocomposting, composting under acidic conditions (pH 3.5-6.5) at moderately high temperature (50-70 C), is an effective method for degrading otherwise unusable organic materials to produce fertilizer, and generally such systems are sustained for over 2 years without the addition of supplements or starter micro-organisms (Nishino et al., 2003; Shigeri et al., 2009) . In acidulocomposting, lactic acid bacteria such as Lactobacillus and Pediococcus species are the major contributors throughout the composting process, and PCR-based studies have demonstrated the presence of unidentified micro-organisms (Hemmi et al., 2004; Haruta et al., 2005; Asano et al., 2010; Suematsu et al., 2012) . However, little has been reported on novel bacteria from acidulocompost.
Acidulocomposting has proved suitable for processing waste materials from fish meal, which is rich in oil and fat, to produce fertilizer (Nishino et al., 2003; Haruta et al., 2005; Tajima et al., 2014) , indicating that thermophilic and lipid-degrading bacteria were present in the acidulocompost. As there have been very few reports of thermostable bacterial phospholipases, such phospholipases are expected to be of use in the oil and food industries (De Maria et al., 2007; Aloulou et al., 2012) . Therefore, we screened for thermophilic and phospholipase-producing bacteria from acidulocompost produced from fish waste.
Samples were collected from acidulocompost at Ibaraki Prefectural Oarai Aquarium in Ibaraki, Japan, which was processed from fish waste (leftover feed) using an acidulocomposting apparatus (Star Engineering). Each sample was suspended in 10 ml of sterile saline [0.85 % (w/v) NaCl], and a small aliquot of the suspension was inoculated in a 15 ml test tube containing 5 ml of B medium [0.1 % (w/v) yeast extract, 0.2 % (w/v) NaCl, 0.3 % (w/v) KH 2 PO 4 , 0.5 % (w/v) egg yolk lecithin, 0.05 % (w/v) MgSO 4 Á7H 2 O, 0.3 % (w/v) Tween 80 and 20 mM CaCl 2 ; pH 5.0]. The lecithin-degrading thermophiles were enriched by repeating cultivation five times in the medium at 60 C without shaking for 3-4 days. An aliquot of the culture was then plated on B medium containing 1.0 % (w/v) gellan gum to obtain single colonies. To isolate the phospholipase-producing thermophiles, the colonies were replica plated onto Lgel medium [0.1 % (w/v) yeast extract, 0.1 % (w/v) KH 2 PO 4 , 0.05 % (w/v) MgSO 4 Á7H 2 O, 0.1 % (w/v) (NH 4 ) 2 SO 4 , 1.0 % (w/v) egg yolk lecithin, 0.5 % (w/v) sodium taurocholate, 20 mM CaCl 2 and 1.0 % (w/v) gellan gum; pH 5.0] and cultured at 60 C for 1-3 days, and colonies with transparent halos were then selected, according to a modification of the method described by Kim & Rhee (1994) . The culture supernatants were then used to assay the hydrolysing activity with phosphatidylcholine from egg yolk, and the activity was evaluated using TLC analysis (data not shown). As a result, the strain that showed the highest phospholipase activity was selected and designated B157 T . The strain also showed hydrolytic activities toward phosphatidylethanolamine, phosphatidylinositol and phosphatidylserine from soybean and a detergent (Tween 80) (data not shown).
Strain B157
T grew in YC medium [0.2 % (w/v) yeast extract, 0.6 % (w/v) Casamino acids, 0.2 % (w/v) NaNO 3 , 0.05 % (w/v) KCl, 0.05 % (w/v) magnesium glycerophosphate, 0.001 % FeSO 4 and 0.035 % K 2 SO 4 ; pH 7.0] that was used for further analysis, following a modification of the method of Hatayama et al. (2006) . Agar [3.0 % (w/v)] was employed for the solid media. Cells grown on YC medium at 55 C were used to determine the characteristics of the isolate, unless otherwise stated. Growth of strain B157
T was observed in the temperature range 40-65 C at intervals of 5 C and in the initial pH range of 4.8-8.1 at approximately pH 0.2 intervals, with optimum growth at 50-60 C and pH 6.2 (Table 1) . Colonies of strain B157
T were round (0.5-0.8 mm in diameter), flat, white to cream and translucent. The strain was aerobic, Gram-stain-positive, spore-forming, rod-shaped (3.5-7.0 µmÂ0.6-0.7 µm), occurring singly and non-motile. Spores were ellipsoidal (1.2-1.5 µmÂ0.8-1.0 µm), subterminal or terminal, and formed in swollen sporangia. The organism was able to grow in the presence of 0-1.5 % (w/v) NaCl [optimum growth: 0-1.0 % (w/v) NaCl] ( Table 1) .
To determine the phylogenetic position of strain B157 T , we analysed the DNA sequence of the 16S rRNA gene. DNA manipulations for the analysis were performed essentially as described by Sambrook et al. (1989) . The genomic DNA was used as a template for PCR (30 cycles of denaturation at 94 C for 10 s, annealing at 55 C for 30 s and extension at 68 C for 1 min). PCR amplification was performed with KOD-plus DNA polymerase (Toyobo) and the following primers: Eubac27F (5¢-AGAGTTTGATCCTGGCTCAG-3¢) and 1492R (5¢-GGTTACCTTGTTACGACTT-3¢) (DeLong, 1992) . The DNA fragment for the 16S rRNA gene was sequenced on both strands using the dideoxy chain termination method of Sanger (1981) with a DYEnamic ET terminator sequencing kit (GE Healthcare Life Science). Sequencing of the 16S rRNA gene of strain B157
T resulted in an almost-complete nucleotide sequence (1490 bp). The results of similarity analysis using the FASTA (Pearson & Lipman, 1988) program showed that the 16S rRNA gene sequence shared highest identity with Tuberibacillus calidus 607 T (94.8 %) and Pullulanibacillus uraniitolerans UG-2 T (92.1 %) in the family Sporolactobacillaceae. Sequences of other type strains in the family showed lower similarity. The 16S rRNA gene sequences of the type strains in the family were aligned using CLUSTAL W 2.1 at DDBJ (http:// www.ddbj.nig.ac.jp/index-j.html) and phylogenetic trees were reconstructed using three different methods: the neighbour-joining (NJ) (Saitou & Nei, 1987) , maximumparsimony (MP) (Fitch, 1971) and maximum-likelihood (ML) (Felsenstein, 1981) algorithms. The evolutionary analyses were conducted in MEGA7 (Molecular Evolutionary Genetics Analysis version 7.0 for larger datasets, http:// www.megasoftware.net). The NJ tree demonstrated that strain B157 T occurred in the same cluster with the genera Sporolactobacillus, Pullulanibacillus and Tuberibacillus, supporting that this novel strain is in the family Sporolactobacillaceae ( Fig. 1 ). This topology was also confirmed by the MP and ML analyses (Fig. S1 , available in the online Supplementary Material). However, B157
T formed an independent branch and a subcluster with T. calidus strains, which was supported by bootstrap values of 65 (NJ), 91 (MP) and 67 (ML). Furthermore, from the draft genome (approximately 3.36 Mb) using the Ion PGM system (Thermo Fisher Scientific), the G+C content was 51.8 mol% (Table 1) . Further information of the genome analysis will be described in detail elsewhere. Taking this data together with DNA analyses, the new isolate B157
T is in the family Sporolactobacillaceae but is distinguished from strains of other established genera in the family.
To compare other physiological and biochemical characteristics of strain B157 T with T. calidus 607 T , which is its closest relative in the family Sporolactobacillaceae, physiological tests were performed according to Bergey's manuals (Sneath, 1986; Logan & De Vos, 2009; Ludwig et al., 2011) . The results are enumerated in Table 1 . In addition, strain B157
T was positive for acid production from glucose, fructose, galactose, xylose, cellobiose, sorbitol and glycerol, but negative for arabinose, maltose, sucrose, lactose, xylitol, starch, pullulan and cellulose, whereas T. calidus 607 T showed opposite results for galactose, sorbitol, glycerol and arabinose.
The species of the genus Sporolactobacillus are known to produce lactic acid by homofermentaion (Ludwig et al., 2011; Chang & Stackebrandt, 2014) , whereas exclusively T. calidus is negative for lactic acid production (Hatayama et al., 2006) . To analyse lactic acid production by strain B157 T , cells were grown on YC medium containing 10 % (w/v) glucose at 55 C for 8 or 24 h with shaking at 100 r.p.m. and for 1 or 7 days without shaking and the culture supernatants were used for analyses after filtration through membranes (0.45 µm pore size; Millipore). Lactic acid was quantified by HPLC using a Cosmosil 5C18-ARII column (4.6Â150 mm; Nacalai Tesque). Cells of strain B157
T failed to produce lactic acid under the conditions as above as with T. calidus.
Amino acids of the cell wall were extracted following the methods of Schleifer & Kandler (1972) and Schleifer (1985) , and then analysed by two-dimensional TLC on a cellulose plate (Merck) using methanol/pyridine/4 M HCl/ water (80 : 10 : 4 : 26, by vol.) as the solvent for the first dimension and 2-propanol/glacial acetic acid/water (75 : 10 : 15, by vol.) for the second dimension. Spots were visualized by heating at 120 C for 5 min after spraying with 0.25 % ninhydrin in n-butanol. The peptidoglycan of strain B157 T contained the amino acids meso-diaminopimelic acid, alanine and glutamic acid, which were common in the family Sporolactobacillaceae (Ludwig et al., 2011; Chang & Stackebrandt, 2014) .
Cell-wall sugars were extracted according to the methods of Staneck & Roberts (1974) , and analysed by two-dimensional TLC on a cellulose plate, using n-butanol/water/pyridine/ toluene (10 : 6 : 6 : 1, by vol.) as the solvent for the first dimension and water-saturated phenol containing 1 % ammonia for the second dimension. Sugar spots were visualized by heating at 120 C for 5 min after spraying the chromatogram with acid aniline phthalate (3.25 g phthalic acid dissolved in 100 ml of water-saturated butanol plus 2 ml aniline). The analysis revealed that the cell wall of strain B157 T contained only galactose; by contrast, T. calidus contains no sugars and other species in the family Sporolactobacillaceae have one or several sugars among galactose, glucose, mannose and rhamnose in the cell wall. As there has been no report that bacterial species in the family exclusively contain galactose in the cell wall, it is a conspicuous feature of strain B157
T . Moreover, the presence of galactose in the cell wall of strain B157
T implies that the isolate is distinguished from the genus Tuberibacillus, because the absence of sugar in the cell-wall peptidoglycan is one of the determining features of the genus (Hatayama et al., 2006) .
Menaquinones were extracted from dried cells of strain B157 T using the method of Bligh & Dyer (1959) . They were separated by TLC using silica gel plates (Merck) with hexane/benzene/chloroform (5 : 2 : 1, by vol.) as the developing solvent, visualized by UV, extracted with acetone and confirmed by MS analysis using a triple quadrupole mass spectrometer (TSQ 7000; Thermo-Fisher Scientific). The predominant menaquinone found in strain B157
T was MK-7, the same as members of the family Sporolactobacillaceae (Sporolactobacillus, Scopulibacillus, Pullulanibacillus and Tuberibacillus) except for Sinobaca qinghaiensis (former name, Sinococcus qinghaiensis), which contained MK-5 but was classified in the same family (Chang & Stackebrandt, 2014) . As Sinobaca qinghaiensis was in the family Bacillaceae in our phylogenetic trees (Figs 1, and S1 ), it is necessary to reclassify Sinobaca qinghaiensis within the family Bacillaceae based on MK-5 as the major menaquinone.
The cellular fatty acid composition of strain B157
T was determined after growth on YC medium for 8-10 h at 55 C aerobically with shaking. Phospholipids were extracted from the bacterial cells, separated by TLC and then converted to fatty acid methyl esters in an aqueous methanolic solution of KOH under moderate temperature conditions, as described by Ichihara et al. (2010) and Ichihara & Tani (2012) . The fatty acid methyl ester composition was determined using a Shimadzu GC-2014 system equipped with a DB-23 (0.25 mmÂ30 m, 0.25 µm film thickness) or CBP-1 (0.25 mmÂ50 m, 0.22 µm film thickness) capillary column. The mean and standard deviations of the relative ratios were computed based on four independent samples. The predominant fatty acids in strain B157
T were anteiso-C 17 : 0 (50.6±0.6 %) and iso-C 17 : 0 (31.0±4.6 %), while the fatty acid composition determined for T. calidus 607 T was consistent with the values as described in the previous study (Table 2 ). These two fatty acids occur in most members of the family Sporolactobacillaceae but the ratio of iso-C 17 : 0 in strain B157
T was significantly higher than those of close relatives such as species of the genera Tuberibacillus and Pullulanibacillus (Tables 1 and 2 ; Hatayama et al., 2006; Pereira et al., 2013; Chang & Stackebrandt, 2014) . The TLC analysis for polar lipids suggested that the predominant polar lipids in strain B157
T were phosphatidylglycerol, cardiolipin and an unknown phospholipid, while those of T. calidus 607 T were phosphatidylglycerol and phosphatidylethanolamine (Fig. S2) .
In this study, we isolated a thermophilic, spore-forming and phospholipid-degrading bacterium, designated B157 T , from acidulocompost at Ibaraki Prefectural Oarai Aquarium. 16S rRNA gene sequence analysis revealed that strain B157
T was closely related to T. calidus 607 T (94.8 % identity) in the family Sporolactobacillaceae. In general, cutoff values of 95 and 98 % in 16S rRNA gene sequence identity are used to delimit genera and species, respectively (B€ ackhed et al., 2005) . Therefore, the sequence analysis suggested strongly that the new isolate represents a novel species of a new genus. Strain B157 T shared significant physiological and chemotaxonomic similarities with the type strains of members of the genus Sporolactobacillus, whereas strain B157 T was distinguished in oxygen requirement and catalase and oxidase tests. In addition, there were distinct differences in sugar composition of the cell wall and the DNA G+C content between the new isolate and T. calidus strains. Strain B157 T grew at the highest temperature (65 C) reported in the family Sporolactobacillaceae, as most strains fail to grow at above 45 C and strains of T. calidus are able to grow at up to 60 C (Table 1; Chang & Stackebrandt, 2014; Hatayama et al., 2006) . Based on these taxonomic assessments, we propose that strain B157
T represents a novel species of a new genus, Caenibacillus caldisaponilyticus gen. nov., sp. nov., in the family Sporolactobacillaceae.
Description of Caenibacillus gen. nov.
Caenibacillus [Cae.ni.ba.cil'lus. L. neut. n. caenum mud; L. masc. n. bacillus a rod, and also a bacterial genus name (Bacillus); N.L. masc. n. Caenibacillus, a Bacillus-like organism that inhabits compost].
Cells are rod-shaped (3.5-7.0 µmÂ0.6-0.7 µm) occurring singly, non-motile and Gram-stain-positive. Spores are ellipsoidal (1.2-1.5 µmÂ0.8-1.0 µm), subterminal or terminal and formed in swollen sporangia. Aerobic and thermophilic. Catalase and oxidase are positive. The cell wall contains meso-diaminopimelic acid, alanine, glutamic Table 2 . Cellular fatty acid compositions of strain B157 T and T. calidus 607 T cultured in YC medium at 55 C T. calidus 607 T (=JCM 13397 T ) was obtained from the culture collection Japan Collection of Microorganisms (JCM). The two strains were cultured in YC medium for 8-10 h at 55 C aerobically with shaking. Fatty acid methyl esters were prepared from bacterial cells, and the composition was determined using GC as described in the text. Values are expressed as percentages of the total fatty acids and represent the means±SD of four independent samples. In addition to the features given in the genus description, the following properties are reported. Growth is observed in YC medium at 40-65 C and with an initial pH of 4.8-8.1, with optimal growth at 50-60 C and pH 6.2. Aerobic and thermophilic. Colonies are round, flat, white to cream and translucent. Growth occurs in the presence of 0-1.5 % (w/v) NaCl [optimal growth with: 0-1.0 % (w/v) NaCl]. Negative for nitrate reduction and lactic acid production. Negative, slightly positive and positive for hydrolysis of starch, casein and gelatin, respectively.
The type strain, B157
T (=NBRC 111400 T =DSM 101100 T ), was isolated from acidulocompost at Ibaraki Prefectural Oarai Aquarium in Ibaraki, Japan.
